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Abstract 28 The transition zones (TZ) between squamous and columnar epithelium constitute hotspots for 29 the emergence of cancers. Carcinogenesis at these sites is often preceded by the development 30 of metaplasia, where one epithelial type invades the neighboring one. It remains unclear how 31 these niches are restrained at the boundary between the two epithelial types and what factors 32 contribute to metaplasia. Here we show that the cervical squamo-columnar junction derives from 33 two distinct stem cell lineages that meet at the TZ. In contrast to the prevailing notion, our 34 analysis of cervical tissue showed that the TZ is devoid of any locally restricted, specialized stem 35 cell population, which has been implicated as precursor of both cervical squamous cell carcinoma 36 and adenocarcinoma. Instead, we reveal that these cancers originate from two separate stem 37 cell lineages. We show that the switch in the underlying Wnt signaling milieu of the stroma is a 38 key determinant of proliferation or quiescence of epithelial stem cell lineages at the TZ. Strikingly, 39 while the columnar lineage of the endocervix is driven by Wnt signaling, the maintenance of 40 squamous stratified epithelium of the ectocervix and emergence of squamous metaplasia 41 requires inhibition of Wnt signaling via expression of Dickkopf2 (Dkk2) in the underlying stroma.
Introduction 48 Recent years have seen rapid progress in our understanding of how adult epithelial tissues are 49 maintained by dedicated stem cell niches. In many cases, Wnt signaling initiated from the 50 underlying stroma plays decisive roles. What is entirely unclear so far is how these niches are 51 restrained at the boundary between two different types of epithelia, e.g. columnar and stratified 52 ones. Such transition zones are found in several organs in the human body, e.g. the gastro-53 esophageal junction, as well as the cervix. These sites almost invariably show a predisposition 54 towards transformation, which is preceded by metaplasia, where one epithelium type invades 55 another. 56 Cervical cancer predominantly occurs at the TZ, where the stratified squamous epithelium of the 57 ectocervix and the simple columnar epithelium of the endocervix meet 1,2 . It is one of the most 58 common and deadly cancers in women and occurs as two histologically distinct types: 59 adenocarcinomas (ADC) and squamous cell carcinomas (SCC) 3 . Both ADC and SCC are proposed 60 to originate from a common precursor stem cell population with a unique immunophenotype 61 that is localized exclusively at the TZ. This precursor cell population is proposed to consist either 62 of residual embryonic cytokeratin 7 (KRT7) positive cells 4 , p63+/KRT7+/KRT5+ transitional basal 63 cells 5 , or reserve cells 6 . As a result, prophylactic ablation of residual embryonic cytokeratin 7 64 (KRT7) positive cells has been proposed as a method to prevent cervical cancers 7,8 . However, 65 how this population gives rise to two epithelial types and the molecular mechanisms that govern 66 maintenance of the TZ and define the distinct epithelial compartments has not been studied. In 67 addition, the changes that contribute to metaplasia at the TZ of the cervix (or indeed other 68 tissues) also remain unclear. 69 Here, using in vivo lineage tracing, cervical organoid models, single molecule RNA in situ 70 hybridization (RNA-ISH) and a mouse model of squamous metaplasia, we show that endo-and 71 ectocervical epithelia are derived from two separate lineage-specific stem cell populations that 72 meet at the TZ. Using bioinformatic analysis as well as immunohistochemistry of cancer tissue, 73 we find that the transcriptional signatures of these lineages correspond to those of SCC and ADC, 74 indicating that these two histologically distinct cancer types also arise from the two different 75 lineages rather than from a common precursor. We show that two distinct active or inhibitory 76 Wnt signaling milieus are established in the endo-and ectocervical region by Wnt-pathway 77 agonists and antagonists, respectively, which are differentially expressed in the epithelium and 78 sub-epithelial stroma on either side of the TZ in vivo. Organoids derived from these two distinct 79 stem cell lineages show a strong divergence in their requirement for Wnt signaling. Strikingly, we 80 demonstrate that endocervix also harbors squamous stem cells, which are kept in a quiescent 81 state by the Wnt signaling microenvironment that promotes proliferation of the columnar 82 lineage. In vitro, these quiescent stem cells can give rise to squamous epithelium in the absence 83 of Wnt. This is the first time that the presence of two stem cell lineages with opposing signaling 84 requirements within the same niche has been observed. In addition, using an in vivo mouse Wnt agonists and antagonists in epithelia and stroma orchestrate TZ 116 To gain insight into the factors that regulate the two lineages and maintain the TZ, we established 117 and defined conditions that facilitate long-term in vitro propagation of ecto-and endocervical 118 epithelial stem cells as 3D organoids. Wnt signaling was described to be essential for generation 119 and long-term maintenance of adult epithelial stem cell-derived organoids from the various 120 tissues so far described, as shown by the requirement of Wnt3a and R-spondin 1 in the tissue-121 specific organoid culture media 11 . In contrast to this, the presence of Wnt3a and R-spondin 1 122 (RSPO1) in the culture medium was detrimental for the formation and expansion of human and 123 mouse squamous stratified organoids derived from single ectocervical stem cells ( Fig. 2A and Fig.   124 S3A-C). The presence of epidermal growth factor (EGF), fibroblast growth factor 10 (FGF-10), and 125 the inhibition of transforming growth factor beta (TGF-β) and bone morphogenetic protein (BMP) 126 signaling, on the other hand, was essential for long-term maintenance of these organoids. 127 Squamous stratified organoid growth was further increased in the presence of the cAMP pathway 128 agonist forskolin (FSK) ( Fig ). Expression levels of DKK4, RSPO2 and RSPO4 also did not show notable regional variation 159 ( Fig. S5B-D) . Thus, the epithelium of the cervix is maintained by two distinct stem cell populations 160 whose fate is determined by opposing Wnt signaling microenvironments, which are established 161 through the interplay of the epithelial and stromal compartments of the endo-and ectocervix 162 respectively, with a defined switch at the TZ. 164 Next, we sought to identify the cellular pathways that control self-renewal and differentiation in 165 human ectocervical tissue. Microarray analysis showed that squamous ectocervical organoids 166 have a higher expression of Notch-related genes than organoids derived from the endocervical 167 columnar epithelium ( Fig 3A) . We thus carried out a comparative analysis of 2D cells (2D-ecto), 168 three-day-old early organoids (EO-ecto), and two-week-old, mature differentiated organoids 169 (DO-ecto). 2D cultures were enriched for CDH1+ and p63+ cells, with >60% and >30% of cells 170 showing organoid-forming potential at passage 1 and 8, respectively ( Table S1 ). This is further supported by the expression profile of The emergence of squamous metaplasia from quiescent KRT5+ stem cells in the endocervix 209 We next performed in vitro and in vivo analysis to determine the cellular origin and mechanism Fig. 2F and S4H ). However, production of the Wnt target Axin2, which 236 is normally expressed in the endocervix, remained unaltered in these mice, while KRT8 and KRT7 237 expression were restricted to the columnar epithelium ( Fig. 4E, Fig. S7C-E) . Further, by 238 performing lineage tracing analysis in retinoid-depleted KRT5CreErt2/Rosa26-tdTomato and 239 KRT8CreErt2/Rosa26-tdTomato mice, we confirmed that KRT8+ cells give rise to columnar 240 epithelium while KRT5+ cells give rise to squamous metaplasia in the endocervix (Fig. 4G-H) . 241 Together, these data demonstrate that the endocervix harbors two distinct, unipotent stem cell Table S1 and S3, Methods). We found that cancers classified as squamous-like matched a 258 histological diagnosis of SCC in all cases (n=111) while for those classified as columnar-like we 259 found 48/77 matching a histological diagnosis of ADC (Fig. 5B ). For 111 cases histologically 260 diagnosed as SCC and 3 ADC, we could not determine a clear classification and 29 SCC were 261 assigned to the columnar-like group by our classifier. Importantly, cancer samples classified as 262 columnar-like were mainly KRT5 low , KRT7 high and p63 low , while samples in the squamous-like and 263 undetermined group were mainly KRT5 high and p63 high with mixed KRT7 status (Fig. 5A) , 264 suggesting that the undetermined group could consist of SCCs within or outgrown into columnar 265 endocervix, leading to the presence of contaminating endocervical columnar KRT7+ cells in the 266 samples. 267 To validate these results, we also obtained clustering results based on genome-wide methylation, 268 global mRNA and microRNA expression data for the same cancer samples from TCGA. The TCGA 269 cluster containing most ADCs in each of the clustering analyses from those three levels of cellular 270 regulation showed strong overlap with our columnar-like class. Using the majority vote among 271 mRNA, miRNA and DNA methylation clusters (Fig. 5B) we find that 69/77 samples from the 272 columnar-like group are also in the TCGA clusters enriched for ADC, while all other TCGA clusters 273 together contain mainly squamous-like and undetermined samples (228/231) ( Fig. 5B and S8 ). 274 Interestingly, 21/29 cancers defined as columnar-like based on our classifier, but histologically 275 classified as SCC, showed strong similarity to ADC according to TCGA molecular profiles and might 276 therefore be misdiagnosed. 277 A recent study suggested that only a small population of cells located in the TZ (the so-called 278 squamo-columnar junction (SCJ) cells) express KRT7 and that these are the precursors of both 279 SCC and ADC 4 . We further investigated the mRNA expression levels in organoids and 302 cervical 280 cancer samples from TCGA with regard to SCJ markers proposed in that study 4 , as well as KRT5. 281 In contrast to KRT5, expression of the proposed SCJ markers is significantly higher in healthy 282 endocervical organoids as compared to healthy ectocervical organoids and the same trend is seen 283 in ADC vs. SCC (Fig. 5D-E ). This indicates that the reported SCJ cells are not distinct from the 284 endocervical columnar lineage and are not the cells of origin for SCC. 285 Our study also revealed a set of genes that are differentially expressed between squamous and 286 columnar organoids and show a strong correlation with columnar-like and squamous-like 287 cancers, including MUC5B, KRT5, CSTA, while the proposed SCJ markers KRT7, AGR2 and GDA 288 specifically labeled ADC but not SCC sections ( Figure 5C and S9) . Thus, the majority of cervical 289 cancers can be divided into two subgroups based on molecular signatures that correlate with 290 signatures of KRT5+ stem cells for squamous or KRT7+/KRT8+ stem cells for columnar cervical 291 epithelia. Together, these results indicate that the cervix harbors two distinct stem cell lineages, 292 reflecting the cells of origin for SCC and ADC, respectively. The TZs of the mucosal epithelium constitute critical zones of enhanced disposition to infections 296 and carcinogenesis [25] [26] [27] [28] [29] . Revealing the principles of cellular regulation and homeostasis of these 297 tissue regions is key to understanding the impact of intrinsic and extrinsic disturbances, as well 298 as for prospective and therapeutic disease prevention. 299 We show that distinct microenvironmental conditions and molecular signals from the epithelial 300 and stromal tissues drive the dominance of specific epithelial lineages of the TZ. We reveal Wnt 301 signaling as a key determinant in regulating the homeostasis at borders between two epithelial 302 types. Wnt signaling has been shown to be indispensable for the maintenance and homeostasis 303 of adult stem cells in several mammalian tissues 11, 30 . However, here we show that in the cervix, 304 Wnt signaling stimulated by the underlying stroma drives the columnar lineage while imposing 305 quiescence of squamous lineage-specific stem cells that exist in the same milieu. With the 306 transition to a Wnt repressive microenvironment, these quiescent squamous lineage stem cells 307 are activated and replace the columnar epithelia at the TZ or as an island of metaplasia within 308 the endocervix. Further, the fact that ADC or SCC arise from two distinct stem cell lineages rather 309 than a common cellular origin has important clinical implications for choice of therapy and 310 suggests that preventive ablation of the SCJ alone may not fully eliminate potential cervical 311 cancer precursor cells 7,8 . 312 Our data constitute a major conceptual progress in our understanding of how epithelial junctions 313 are maintained in our body. Accordingly, homeostasis at these sites is not maintained by the 314 transition from one epithelial type to another but rather that the adult tissue is composed of 586 and minced with surgical scissors. Minced tissue was incubated in 0.5 mg/ml collagenase type II 587 (Calbiochem, # 234155) for 2.5 h at 37 °C in a shaker incubator. Tissue and dissociated cells were Organoid culture and maintenance 609 Cells isolated from tissue or the stem cells grown in 2D culture were mixed with 50 µl of ice-cold 610 Matrigel (BD, # 356231) at a density of 20,000 cells, and the Matrigel droplet was placed in a pre-611 warmed 24-well plate and allowed to polymerize for 10 min at 37 °C. The Matrigel droplet was 612 then overlaid with 500 µl of pre-warmed human ecto-or endocervical medium. Cultures were 613 kept at 37 °C, 5% CO2 in a humidified incubator for 2-3 weeks and medium replaced every four 614 days. For passaging the organoids, Matrigel was first dissolved by adding 1 ml of ice-cold ADF and 615 pipetting up and down 5 times. Organoids were collected in a 15 ml Falcon tube and a further 4 616 ml of ice-cold ADF medium was added and organoids resuspended well to completely dissolve 617 the Matrigel, followed by centrifugation at 300xg for 5 mins at 4°C. Medium was discarded and 618 the ectocervical and mouse organoids were incubated with 1 ml of TrypLE Express for 30 min at 619 37 °C followed by mechanical fragmentation using a fire-polished glass Pasteur pipette by 620 vigorous pipetting (8-10 times) to generate single cells. The single cells were then seeded at a 621 1:10 ratio back into Matrigel for expanding and culturing. For the endocervical organoids, after 622 centrifugation organoids were subjected to mechanical fragmentation as described above to 623 generate fragments that were seeded back into Matrigel at 1:5 ratio. Matrigel was allowed to 624 polymerize for 10 min at 37°C, overlaid with pre-warmed medium and cultured as described 
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Wnt antagonists, Notch and EGFR signaling maintain ectocervical stemness and differentiation
